Introduction {#Sec1}
============

Mitochondria form a complex, interconnected network within cells that continually changes and adapts to meet the energy demands of the various cellular compartments^[@CR1]--[@CR3]^. In addition to generating ATP, mitochondria are involved in sequestering calcium, generating reactive oxygen species (ROS), and triggering apoptotic cell death^[@CR4]--[@CR6]^. Unlike other organs, the brain does not store excess energy, and its normal functioning is critically dependent on the continuous synthesis of ATP. Altered mitochondrial function has been reported to contribute to brain pathology after stroke and traumatic brain injury (TBI), and has been linked to numerous neurodegenerative diseases^[@CR7]--[@CR19]^. Importantly, many neurodegenerative disease pathologies have been shown to originate in specific brain regions (e.g. entorhinal cortex for Alzheimer's disease), before progressing over time to other brain areas^[@CR20]--[@CR25]^. Thus, it would be informative to examine mitochondrial respiration within discrete brain regions to examine its relationship to evolving pathology.

Traditionally, mitochondrial respiration is assessed following isolation from bulk tissue. This technique has a number of disadvantages, including mechanical disruption of the mitochondrial network, and assaying activity in the absence of the mitochondria's native intracellular environment^[@CR26]--[@CR28]^. Furthermore, this method does not lend itself to high resolution spatial mapping of mitochondrial function due to the relatively large amount of input tissue required for mitochondrial isolation. Although cultured neurons can be used to examine mitochondrial respiration in a cellular context, in vitro cultures do not recapitulate the complex three dimensional brain anatomy and heterogeneous cellular environment that exists within the brain, especially in experimental models of brain diseases. Seahorse XF analyzers (marketed by Agilent) are being used to assess mitochondrial function by measuring their oxygen consumption rate (OCR) in response to modulators of key components of the electron transport chain. While these instruments have been used to assess mitochondrial function in intact tissues^[@CR29]--[@CR33]^, it has proven to be challenging to measure brain tissue respiration in anatomically defined regions in a high-throughput manner.

Here, we describe a method to measure mitochondrial OCR using small biopsy punches taken from discrete brain regions. The method includes a procedure for maintaining brain tissue viability prior to excising punches, and outlines considerations for determining optimal punch size, and adequate OCR and drug responses. We demonstrate that our method can be used to measure mitochondrial respiration in well-defined anatomical subfields of the hippocampus, as well as in white matter tracts. Finally, we employed our method to show that mild traumatic brain injury (mTBI) results in distinct mitochondrial responses within different hippocampal subfields, a finding which has not been described previously. This method is easily adaptable to meet specific experimental requirements, and can be used to map changes in mitochondrial function in different brain regions/subregions that may arise from many different pathological conditions or disease states.

Results {#Sec2}
=======

Brain mitochondrial respiration {#Sec3}
-------------------------------

In the Seahorse metabolic analyzer, mitochondrial function can be assessed by real-time monitoring of the oxygen consumption rate (OCR; primarily consumed by glucose metabolism through the citric acid cycle). Figure [1](#Fig1){ref-type="fig"}A shows a stylized drawing of the mitochondrial respiratory chain indicating the sites of action for the drugs and uncouplers that are commonly used to manipulate different components of mitochondrial respiration. Figure [1](#Fig1){ref-type="fig"}B shows the impact of these compounds on an OCR curve obtained using isolated rat cortical mitochondria. Inhibitors that target specific respiratory complexes are used to dissect the contribution of the different respiratory chain complexes toward basal respiration, ATP-linked respiration, proton leak, and maximal respiration (basal respiration + spare capacity). Basal mitochondrial respiration is determined by monitoring OCR in the absence of any inhibitors. In isolated mitochondria, the basal respiratory measurements (obtained without ADP) are referred to as state II respiration. The complex V (F1--Fo ATP synthase) inhibitor oligomycin decreases proton flux through complex V, thereby causing the accumulation of protons within cristae, which results in a reduction of electron transport and oxygen consumption. The amount of reduction in OCR represents, in intact cells, ATP synthesis-linked respiration, or in isolated mitochondria, state IV respiration. The mitochondrial OCR remaining after oligomycin treatment is considered to be a measure of proton leak. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) is an uncoupling agent that collapses the proton gradient and disrupts the mitochondrial membrane potential. This results in uninhibited electron flow through the electron transport chain and maximal oxygen consumption by complex IV. The difference between maximal and basal OCR is considered to be the spare (or reserve) capacity. Finally, all mitochondrial-associated respiration is abolished by the addition of rotenone (a complex I inhibitor) and antimycin A (an inhibitor of cytochrome C reductase). The residual OCR observed after addition of these two compounds is carried out by non-mitochondrial oxygen-consuming enzymes that may be present in the sample. The non-mitochondrial fraction is subtracted from all other values to ensure that only mitochondrial respiration is assessed.Figure 1Oxygen consumption rate (OCR) measurements of purified mitochondria. (**A**) Simplified drawing of the electron transport chain located within the inner mitochondrial membrane. Electron transfer is coupled to the transfer of protons (H^+^) across the inner mitochondrial membrane into the inner membrane space, creating a proton gradient. This gradient is utilized by complex V for ATP synthesis. The protons react with oxygen to generate water. Thus, the OCR can be monitored by the Seahorse XF analyzers and used as a surrogate of mitochondrial respiration. The targets of the inhibitors (oligomycin, antimycin A, and rotenone) and uncoupler (FCCP) are indicated. (**B**) A representative OCR curve generated using isolated mitochondria showing the characteristic responses to mitochondrial inhibitors and the uncoupler FCCP.

Respiration assays using purified mitochondria in Seahorse XF analyzers have been performed by a number of investigators^[@CR34]--[@CR36]^. In order to address if the different phases of respiration observed using biopsy size tissue brain tissue punches are qualitatively similar to the phases obtained using isolated mitochondria, we first obtained OCR curves from isolated mitochondria (1 µg/well) using the Seahorse XFe96 analyzer. Figure [1](#Fig1){ref-type="fig"}B shows the different states of respiration obtained using mitochondria isolated from \~ 100 mg of cortical tissue and the respiration inhibitors indicated in Fig. [1](#Fig1){ref-type="fig"}A.

Preparation and temporary storage of brain tissue sections {#Sec4}
----------------------------------------------------------

As brain sections are highly vulnerable to oxygen and glucose deprivation, we adapted a method commonly used in slice electrophysiology to maintain tissue viability^[@CR37]--[@CR39]^. Coronal brain sections (220 µm in thickness) are prepared using the tissue chopper, and sections containing the regions of interest placed in oxygenated artificial cerebrospinal fluid (aCSF) prior to preparing the biopsy punches (Fig. [2](#Fig2){ref-type="fig"}A). Since brain tissues from multiple animals would be used in a typical experiment design, we questioned if maintaining the brain sections in oxygenated aCSF would influence tissue viability and mitochondrial respiration. To examine this, rats were euthanized and the prepared brain slices incubated at room temperature in oxygenated aCSF for either 0 min, 30 min, 60 min or 120 min prior to excising 0.75 mm diameter cortical tissue punches for measuring basal respiration. Figure [2](#Fig2){ref-type="fig"}B shows a representative tissue slice indicating the site of the cortical biopsy punches used in this experiment. Tissue punches were placed in the center of each XFe96 Extracellular Flux Assay sensor cartridge well (Fig. [2](#Fig2){ref-type="fig"}C). This step is critical to obtain reproducible OCR measurements. As the injection of the various mitochondrial inhibitors (and subsequent mixing) can result in punch movement, the position needs to be checked after the completion of the assay. The results from any punch found to have moved during the procedure should be removed from the final analysis. The results shown in Fig. [2](#Fig2){ref-type="fig"}D indicate that a stable initial OCR was observed between tissue punches taken from brain sections incubated in aCSF from 0 to 120 min. Furthermore, there was no significant difference in basal OCR measured over the 2 h monitoring period between punches taken at different times.Figure 2Incubation of rat brain sections for various lengths of time prior to preparing tissue punches does not influence basal OCR. (**A**) Picture of the multi-segment storage chamber designed for maintaining tissues in oxygenated artificial cerebrospinal fluid. Each chamber contains brain sections from a separate animal. (**B**) Picture of a representative tissue section showing the location of the punches used to assess tissue viability. (**C**) Tissue punches need to be centered in the well prior to starting the assay to ensure accurate OCR measures. (**D**) Summary data showing basal respiration, monitored over time, in tissue sections rested for various lengths of time prior to the preparation of cortical punches. Data are presented as mean ± SEM.

Relationship between punch diameter and basal OCR {#Sec5}
-------------------------------------------------

The manufacturer of the Seahorse XFe96 recommends that basal OCR should fall be between 20--200 pmol/min in order to obtain reliable OCR measurements, and to minimize potential floor and ceiling effects in response to drug administration. Therefore, we measured the relationship between basal OCR and cortical tissue punch diameter (Fig. [3](#Fig3){ref-type="fig"}A) in order to determine the optimal punch size to yield a baseline OCR value within this recommended range. Cortical tissue punches from 220 µm thick coronal sections were used for these studies. Figure [3](#Fig3){ref-type="fig"}B shows that punch diameters ranging from 350 µm to 1.5 mm yielded basal respiration values that increased in proportion to punch diameter. However, in punches larger than 1.5 mm diameter, the basal OCR decreased, possibly due to substrate exhaustion and/or oxygen depletion. Furthermore, Fig. [3](#Fig3){ref-type="fig"}C shows that while punch diameters of 500 µm remained in the optimal zone for OCR measurement (shaded area) and responded to FCCP, the 1 mm diameter punches failed to do so. Although cortical punch diameters between 350 µm and 750 µm were found to have basal OCR values between the recommended range of 20--200 pmol/min, the OCR in response to drugs (i.e. oligomycin and FCCP) were found to be outside this range and are therefore not recommended for use. Similar experiments carried out using hippocampal punches centered on the CA1 subfield revealed that punch diameters from 500 to 750 µm were appropriate for OCR measurements (Supplemental Fig. 1), illustrating the need for optimization of tissue punch diameter for each region to be assessed. Using 500 µm cortical tissue punches, we assessed the relationship between number of replicates and variability of the OCR measurements^[@CR40]^. Cortical tissue punches (approximate location shown in Fig. [2](#Fig2){ref-type="fig"}) from same location from adjacent brain slices were excised, and placed in individual wells. Basal respiration was measured for each punch and the coefficient of variability (CV = S.D./mean) was calculated by increasing the number of replicate punches included in the group. We determined that 4 punches/structure/animal would effectively reduce the CV to ≤ 5%. The inclusion of additional replicates did not dramatically reduce CV nor did it significantly alter the mean OCR (F = 0.0628, p = 0.992; Fig. [3](#Fig3){ref-type="fig"}D).Figure 3Relationship between basal respiration and cortical punch diameter. (**A**) Picture of a rat coronal tissue section (220 µm in thickness) showing the relative sizes of the cortical tissue punches excised to determine optimal punch diameter for OCR measures to be within the recommended range (20--200 pmol/min). Please note, for evaluation of appropriate punch size, punches were taken from the same anatomical location across brain sections and across animals. (**B**) Box (25th and 75th percentile) and whisker (5th and 95th percentile) plots showing the basal OCR for the different sizes of punches. (**C**) OCR curves showing the response of various punch diameters to mitochondrial inhibitors/FCCP. Recommended range for OCR is indicated by the shaded area. Data are presented as mean ±   SEM. (**D**) Box (25th and 75th percentile) and whisker (5th and 95th percentile) plots showing the relationship between number of replicates and recorded basal OCR for 0.5 mm diameter cortical tissue punches.

Optimization of mitochondrial inhibitors {#Sec6}
----------------------------------------

As stated above, the Seahorse XF analyzers can assess different aspects of mitochondrial respiration by adding specific mitochondrial complex inhibitors and uncoupling agents. Under some circumstances, tissue respiration may cause substrate/oxygen depletion over time. Therefore, we aimed to maintain the total assay reaction time to under 2 h^[@CR41]^. In order to accomplish this, we tested increasing concentrations of the mitochondrial inhibitors to measure the degree of inhibition and the length of time required to obtain stable OCR readings. Figure [4](#Fig4){ref-type="fig"}A shows the percent change in OCR (relative to baseline) of cortical tissue punches (220 µm thick, 0.5 mm diameter) treated with various concentrations of oligomycin. Oligomycin treatment greater than 25 µg/ml showed high OCR variance between replicate samples, while doses from 6.25 to 25 µg/ml were found to effectively decrease OCR, with 25 µg/ml demonstrating the lowest variance across replicates. When similar experiments were carried out using the metabolic uncoupler FCCP (co-injected with 7.5 mM pyruvate to provide additional substrate to meet the higher OCR resulting from uncoupling of the proton gradient and ATP synthesis), an increase in OCR was recorded for doses ranging from 1.875 µM to 15 µM (Fig. [4](#Fig4){ref-type="fig"}B). However, both the 1.875 µM and 15 µM doses had substantial variation between replicate samples, possibly due to insufficient inhibition and/or substrate depletion. Consistent with this, examination of the OCR curves revealed that injection of 3.75 µM and 7.5 µM FCCP resulted in a sustained increase in OCR (Fig. [4](#Fig4){ref-type="fig"}C). In contrast, the 1.875 µM and 15 µM doses caused an initial increase in OCR that was not maintained over time (Fig. [4](#Fig4){ref-type="fig"}C), possibly due to incomplete uncoupling and substrate exhaustion, respectively (please see Supplemental Fig. [2](#Fig2){ref-type="fig"}). Similar optimization experiments carried out for antimycin A (Fig. [4](#Fig4){ref-type="fig"}D) and rotenone (Fig. [4](#Fig4){ref-type="fig"}E) demonstrated the dose--response relationship for these drugs. Based on the results from these optimization experiments, oligomycin (25 µg/mL), FCCP:pyruvate (7.5 µM:7.5 mM), and rotenone (10 µM) + antimycin (5 µM) were used to generate a OCR curve in cortical tissue punches (Fig. [4](#Fig4){ref-type="fig"}F) that is qualitatively similar to that obtained using isolated mitochondria (please see Fig. [1](#Fig1){ref-type="fig"}B for comparison).Figure 4Optimization of respiration inhibitor and FCCP concentrations. Box and whisker plots (generated using 0.5 mm diameter cortical tissue punches) demonstrating the maximum responses to increasing concentrations of (**A**) the ATP synthase inhibitor oligomycin, (**B**) the uncoupler FCCP, (**D**) the complex III/ cytochome C inhibitor antimycin A, and (**E**) the complex I inhibitor rotenone. (**C**) Representative OCR curves showing the responses over time of 0.5 mm cortical tissue punches to increasing concentrations of FCCP. (**F**) Optimal doses of each agent (25 µM oligomycin, 7.5 µM FCCP, 5 µM antimycin A, and 10 µM rotenone) were used to generate a characteristic OCR curve in rat cortical punches.

Respiration measurement in discrete anatomical regions {#Sec7}
------------------------------------------------------

One of the key purposes for developing this method was to assess mitochondrial respiration within a specific brain structure/substructure, allowing for a more accurate map of the respiratory changes that occur in response to trauma or disease. We focused on the hippocampus as this structure has well-defined subfields, including the dentate gyrus (DG), the CA3 subfield, and the CA1 subfield (Fig. [5](#Fig5){ref-type="fig"}A). The electrophysiological properties of the neurons within each subfield have been well characterized, and their roles in learning and memory are established^[@CR42]--[@CR47]^. Furthermore, it has been demonstrated that individual hippocampal subfields are more vulnerable to specific insults (e.g. CA1 following ischemic stroke; CA3 following epileptic seizures)^[@CR48]--[@CR50]^. We applied our method to assess if respiration in these different subfields can be measured discreetly, and independently from each other. The summary results presented in Fig. [5](#Fig5){ref-type="fig"}B show that while CA1 and CA3 cell layer punches (0.5 mm in diameter) have similar basal OCR, the more densely packed dentate gyrus granule cell layer OCR is comparably lower. Interestingly, maximal respiration was found to be the highest in the CA3 subfield (F = 9.86, p = 0.0008). Spare capacity was comparable across all subfields, suggesting that under conditions of increased energetic demand, these regions should have a comparable capacity to increase ATP synthesis.Figure 5OCR measurements in punches taken from different hippocampal subfields. (**A**) A picture of a coronal rat brain section containing the dorsal hippocampus showing the location of the tissue punches (0.5 mm) used to assess OCR in the CA1, CA3, and dentate gyrus (DG) subfields. (**B**) Box and whisker plots showing the relative basal respiration, maximal respiration, and spare capacity between the CA1, CA3 and DG subfields. \*, p \< 0.05.

Mild fluid percussion injury (mFPI) differentially alters mitochondrial respiration of hippocampal subfields {#Sec8}
------------------------------------------------------------------------------------------------------------

To address the consequence of a mild traumatic brain injury (mTBI, often referred to as concussion) on respiration of hippocampal subfields, we measured OCR in tissue punches taken from the CA1, CA3, and dentate gyrus subfields 24 h after a single mFPI. From these measures, basal respiration, ATP-linked respiration, maximal respiration, spare capacity and coupling efficiency (the proportion of basal OCR used to drive ATP synthesis) were calculated and compared. A two-way ANOVA revealed no significant differences in CA1 mitochondrial respiration measures between sham and mFPI rats (F = 3.246, p = 0.074; Fig. [6](#Fig6){ref-type="fig"}A). In contrast, mFPI caused a significant suppression in respiration of CA3 tissue punches (*F* = 12.814, *p* \< 0.001). This decrease was due to reductions in basal and maximal respiration, and a decrease in spare capacity (Fig. [6](#Fig6){ref-type="fig"}B). Interestingly, both basal and ATP-linked respiration were dramatically increased (*F* = 15.023, *p* \< 0.001) in the dentate gyrus subfield after mFPI as compared to sham-operated controls (Fig. [6](#Fig6){ref-type="fig"}C).Figure 6Mild fluid percussion injury (mFPI) differentially alters mitochondrial function across hippocampal subfields. Summary OCR data for punches excised from the (**A, B**) CA1, (**C, D**) CA3, and (**E, F**) dentate gyrus (DG) of sham (n = 4) and 24 h post-mFPI (n = 6) rats. Boxes indicate the 25th and 75th percentile. Whiskers represent the 5th and 95th percentile. Horizontal line represents the mean. \*, significant differences between groups (*post-hoc* analysis after two-way ANOVA and correction for multiple comparisons).

mFPI alters white matter respiration {#Sec9}
------------------------------------

White matter damage is routinely detected after TBI of all severity in humans and experimental animal models. We next examined if respiration of excised white matter can be measured using our new method, and if it is altered in response to a mFPI. Figure [7](#Fig7){ref-type="fig"}A shows a drawing of a coronal tissue section indicating the site from which white matter tissue punches were taken (these punches contain both the corpus callosum and hippocampal commissure). This area was chosen as mFPI has been shown to cause axonal damage within this region^[@CR51]^. In preliminary experiments, we found that a 0.75 mm diameter tissue punch was required to generate basal OCR within the 20--200 pmol/min range, and the punch could still be constrained within the white matter tract without impinging on the surrounding gray matter. Figure [7](#Fig7){ref-type="fig"}B shows representative OCR curves from white matter punches obtained from sham (n = 4) and mFPI rats (n = 6). A two-way ANOVA revealed a significant difference between the two groups (*F* = 5.953, *p* = 0.017), with *post-hoc* analysis indicating that mFPI caused a significant increase in spare capacity within the corpus callosum (Fig. [7](#Fig7){ref-type="fig"}C).Figure 7Measurements of OCR in punches taken from white matter tracts. (**A**) A drawing of a coronal rat brain section showing the position of the punch excised from the corpus callosum. (**B**) Representative OCR curves and (**C**) summary data for tissue punches taken from the corpus callosa of sham (n = 4) and mFPI (n = 6) rats. \*, significant difference between groups (post-hoc analysis after two-way ANOVA and correction for multiple comparisons). Boxes are 25th and 75th percentile. Whiskers represent the 5th and 95th percentile. Horizontal line represents the mean.

Discussion {#Sec10}
==========

Mitochondria play a critical role in meeting the energy requirements of the brain, and mitochondria dysfunction has been linked to the pathology of a number of brain diseases^[@CR7]--[@CR19]^. As different brain structures have different energy requirements, and may also have varying susceptibility to neurodegenerative diseases, it is of interest to measure mitochondrial function in anatomically defined regions. In this paper, we present a method that may be useful to researchers interested in examining the effect of brain diseases on mitochondria function by allowing them to directly measure mitochondrial respiration in spatially restricted brain regions without the need for isolation. The method we have developed uses a Seahorse XFe96 analyzer to measure mitochondrial respiration directly in small brain tissue punches without the necessity of first purifying mitochondria. This has the benefits of allowing respiration measurements from small, anatomically defined brain regions, limits possible mechanical damage incurred during purification, and retains the surrounding cellular milieu that may contain important factors impacting respiration. This method will allow researchers to map local changes in mitochondrial energetics in limited numbers of animals and at a spatial resolution not feasible with traditional mitochondria isolation approaches.

Utilizing well-established methods routinely used in slice physiology, we demonstrate that brain tissue slices can be maintained in oxygenated artificial CSF for at least 2 h prior to preparing biopsy punches without significant loss of respiratory activity. Once punches are prepared, they are incubated in 37 °C assay buffer for 30 min prior to performing respiration measurements. This approach of resting sections prior to incubation in assay buffer is consistent with methods used to obtain reproducible long-term potentiation (LTP) measurements in brain slices^[@CR52]^. Employing this methodology, we show that tissue sections can be stored for up to 2 h before assaying without appreciable changes in basal activity over the subsequent 2 h monitoring period. Although we did not test longer storage times, brains sections used for electrophysiology have been reported to be stable for up to 6 h after preparation, and under certain conditions even longer, suggesting that prolonged storage of tissues intended for respiration measurements may be feasible^[@CR38]^.

Using tissue punches from the parietal cortex, we determined that there is a proportional relationship between the punch size and OCR measurement, up to a punch diameter of 1.5 mm. In punches larger than 1.5 mm diameter, we observed a decrease in OCR. While the reason for this is not clear, it may be the result of substrate or oxygen depletion in the reaction buffer due to the increased volume of respiring tissue. Importantly, although basal respiration rate is increased in proportion to diameter/surface area, a higher basal respiration rate can compromise the instruments ability to measure key mitochondria functions, such as maximal respiration and spare capacity, due reduced responsivity to the uncoupler FCCP. For this reason, we recommend cortical respiration be measured using 0.5 mm diameter and 220 µm in thickness tissue punches. In the hippocampus, up to 0.75 mm diameter biopsies can be used. However, care must be taken to avoid inclusion of the overlying white matter or encroaching upon different hippocampal subfields when using punch diameters this large. Alternatively, customized biopsy needles with specialized shapes, such as an oval or rectangle, could be made to maximize the number of neuronal cell bodies captured within the punch while minimizing the amount of neighboring cells/white matter tracts.

Although we tested the relationship between punch diameter and respiration, we only examined biopsies excised from 220 µm thick brain sections. This thickness was chosen as the distance between the Seahorse XFe96 oxygen sensor probe and the plate is generally less than 1 mm, and suitable for a sample that is up to 300 μm thick^[@CR53],[@CR54]^. A thicker tissue sample can be damaged by the probe during the assay, potentially altering mitochondrial and/or probe function and leading to variable results. However, punches can be excised from brain sections thinner than 220 μm as long as the basal OCR readings stay within 20--200 pmol/min. Adjusting the tissue section thickness may be one way to prepare sufficient numbers of biopsy punches/animal from smaller structures. In our studies, we have determined that 4 tissue biopsies are need for each brain region to reduce the coefficient of variation to ≤ 5%. This is consistent with data collected from organotypic hippocampal slices assayed using the Seahorse XFe24 analyzer, which found that a minimum of 4--5 tissue punches/location/animal were needed for replication^[@CR29],[@CR40]^. Given this degree of replication, and utilizing one well per tissue punch (including 4 wells for blanks), our developed method allows for examination of up to 23 animals, brain regions, or experimental conditions in a single 96-well experiment. However, it is important to note that movement of the tissue punch from the center of the well during the assay procedure can cause artificially low OCR readings and may require the elimination of punches from the analysis. In our hands, \< 5% of assayed punches were found to have moved during the assay, likely due to probe movement during injections and mixing. Although not specifically tested, it is plausible that a method of adhering the tissue punch to the bottom center of the well using gelatin or polyethylenimine can be used to minimize tissue movement during the assay procedure. However, the effect of these coatings on tissue respiration needs to be tested prior to their use.

Our drug optimization experiments revealed that the final concentrations of mitochondrial inhibitors in the reaction wells was higher than typically used in respiration assays for isolated mitochondria or cultured cells. We found that the degree of inhibition achieved using lower doses was sub-maximal, possibly due to limited penetration of these agents resulting in a lower local concentration within the core of the tissue punch. When higher concentrations were used, a stable effect was achieved within 20 min of drug application, allowing us to shorten the overall assay time to 2 h. However, it is important to note that use of oligomycin \> 25 µg/ml or FCCP \> 15 µM resulted in increased variance across replicates. Although not specifically tested in this method, oligomycin at high concentrations can cause spontaneous uncoupling via excessive proton leak^[@CR55]^, an effect that might have contributed to the increased variance we observed at the 25 µg/ml dose. Likewise, high concentrations of FCCP may have resulted in substrate exhaustion and failure to maintain a stable elevation in OCR. If an experiment requires using a higher concentration of FCCP, inclusion of additional substrate (e.g. pyruvate) with the uncoupler injection can be used to reduce variance (Supplemental Fig. 2) and accurately measure maximal OCR. Finally, while the drug doses described herein were optimized for rat hippocampal and cortical tissue punches, doses should be empirically tested in other structures (or other species) to avoid complications related to incomplete inhibition, substrate exhaustion, and/or spontaneous uncoupling.

While cells in the CA1, CA3, and dentate gyrus hippocampal subfields have been shown to respond differently to TBI dependent on injury severity^[@CR56]^, to our knowledge, the function of mitochondria isolated from these discrete brain regions have not been assessed following injury. As isolating mitochondria from a tissue biopsy would be methodologically difficult, one advantage of the current method is that it enables the user to measure mitochondrial respiration in spatially restricted brain regions/subregions. Using this method, we find that the granule neurons of the dentate gyrus have relatively lower basal respiration, despite their higher density, by comparison to the pyramidal neurons in the CA1 and CA3 subfield. It has been reported that spatial information is sparsely represented by granule neurons (i.e. a minority of neurons are highly active and dominates information coding) which enables dentate gyrus to carry out pattern separation^[@CR57]--[@CR59]^. Thus, the lower basal respiration we observed may be reflective of firing of a small percent of granule neurons. In addition, we observed that the maximal OCR in the CA3 subfield was significantly higher than that detected in the CA1 subfield, despite having similar basal respiration. The CA3 subfield has recurrent collateral projections that are thought to be important for a variety of cognitive functions including pattern completion and spatial working memory^[@CR60],[@CR61]^. It is possible that the increased maximal respiration of CA3 neurons may be required for maintenance of sustained activity that is necessary for working memory and pattern completion.

Our results using biopsy punches taken from the different subfields of the hippocampus revealed that mFPI differentially alters mitochondrial respiration within these subfields (Fig. [6](#Fig6){ref-type="fig"}). Specifically, we observed that the CA3 subfield in injured rats had decreased basal and maximal respiration, whereas the dentate gyrus had significantly increased basal and ATP-linked respiration. While the reason for these changes are not clear at present, they may be related to mitochondrial size^[@CR62]^, cristae density^[@CR63]^, alterations in the levels/activity of respiratory complex proteins^[@CR64]--[@CR66]^, or substrate availability^[@CR67]^. For example, although pyruvate is added to the reaction mixture during assessment of maximal respiration, it must be transported into the cells using monocarboxylate transporters (MCTs) and into mitochondria by voltage-dependent anion channels (VDACs) and mitochondrial pyruvate carriers (MPCs). A decrease in the levels of these transporters could give rise to the reduced respiration we observed in the CA3 subfield. Recently, it has been demonstrated that a reduction in the activity of 2-oxoglutarate dehydrogenase complex (OGDHC) is associated with reduced mitochondrial function in the cortex after TBI^[@CR68]^. Although not yet examined in the hippocampus, as OGDHC is a key regulatory step in the production of NADH, a reduction in its activity could give rise to the decrease in CA3 respiration we observed. Regardless of the mechanism, as CA3 neurons are particularly vulnerable to TBI^[@CR69]--[@CR71]^, this decrease in metabolism observed acutely after injury may contribute to the ultimate demise of these cells. Alternatively, a decrease in respiration may represent a protective mechanism in an attempt to reduce free radical production. Future studies would be required to distinguish between these possibilities.

White matter loss is also often observed in neurologic diseases such as multiple sclerosis and neurodegenerative aging^[@CR72]--[@CR74]^. Furthermore, a large body of clinical and experimental data has shown that white matter damage is a consistent pathology of mild, moderate and severe TBI^[@CR41],[@CR75]--[@CR78]^, and can be observed in the absence of overt gray matter damage^[@CR76],[@CR79]--[@CR81]^. However, due to the relatively large amount of tissue required to isolate mitochondria, it has not been examined if mitochondrial respiration is altered in damaged white matter tracts after TBI. Previous PET and autoradiograph studies have shown that gray matter consumes more glucose (thus, more blood flows to gray matter) as compared to white matter. In agreement with these measurements, our respiration measurement of excised corpus callosum (including the underlying hippocampal commissure) indicated that larger tissue punches (0.75 mm for white matter compared to 0.5 mm for gray matter) were required to measure mitochondrial respiration in this white matter tract. When examined after mild FPI, we observed a significant increase in spare respiratory capacity. Spare capacity, the difference between basal and maximal respiration, is considered to be an important facet of mitochondrial function. When cells are subjected to stress, energy demand increases, requiring more ATP to maintain cellular function. Thus, the increase in spare capacity we observed may indicate a compensatory mechanism to allow more ATP production to overcome stress. Alternatively, this change may be reflective of astrocyte proliferation and/or infiltration of inflammatory cells that has been previously observed to occur in white matter tracts after TBI^[@CR51],[@CR82],[@CR83]^.

Although the method we have developed has several advantages over conventional mitochondrial isolation measures, this method does have weaknesses. First, mechanical damage to the brain tissue during sectioning and biopsy may alter tissue respiration. Second, the mixed population of cells present in the tissue punch is not amenable to identifying the cell types that have altered mitochondrial respiration. Third, in brains with ongoing pathology, immune cells (both resident and circulating) can infiltrate the tissue and contribute to the respiration measurements, complicating interpretation. Fourth, although we demonstrate that this method can be used to assess mitochondrial respiration in white matter tracts, the basal respiration rate in these fiber tracts is low. This low basal OCR may present a basement effect problem and compromise the ability to accurately assess the degree of inhibition when using agents such as oligomycin that are expected to reduce OCR. Although larger tissue punches up to about 1 mm diameter can be used to increase the basal respiration, we found that white matter tissue biopsies tended to float in the reaction wells, presumably due to their high lipid content. Fifth, in some situations, it may be necessary to use an external normalization factor across different tissues. This may be especially important in areas that suffer from cell loss or infiltration of cells. Complementary western blot analysis using cell specific markers may be required to assess these changes. Although the addition of BSA to the assay medium has been reported to enhance the stability of mitochondria and be necessary for achieving maximal respiration with FCCP injection^[@CR40]^, this can compromise the use of the tissue for subsequent assays (e.g. for assaying protein concentrations). However, we found that rested tissues can be assayed without BSA. However, the variability of OCR is larger and further optimization of drug concentrations will be required (Supplemental Fig. 3). Finally, the preset method was optimized for examining mitochondrial respiration. Although the Seahorse XFe96 analyzer also monitors the extracellular acidification rate (ECAR), the use of this data to garner information concerning glycolysis (e.g. glycolytic capacity, glycolytic reserve) would be erroneous as different manipulations (e.g. addition of glucose, 2-deoxyglucose) are required to accurately assess these functions. However, if developed, the combination of assessing mitochondrial function and glycolytic function in companion tissue punches would be advantageous over approaches based on isolated mitochondria.

Methods {#Sec11}
=======

Animals {#Sec12}
-------

All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee (IACUC). Male Sprague--Dawley rats (275--300 g) were purchased from Envigo (Houston, Texas). Rats were group housed on a 12-h light/dark cycle, with ad libitum access to food and water. All experiments were performed during the light cycle.

Preparation of brain slices {#Sec13}
---------------------------

Rats were euthanized by decapitation using a sharp guillotine. Brains were rapidly removed (within 30 s of decapitation) and immersed in ice-cold (4--5 °C) artificial cerebrospinal fluid (aCSF; 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl~2~, 1 mM MgCl~2~, 0.4 mM KH~2~PO~4~, 5 mM HEPES, and 10 mM D-glucose; pH 7.4) that had been oxygenated for 1 h using 95% O~2~:5% CO~2~. Coronal Sections (220 μm) were prepared using a modified McIlwain tissue chopper (Ted Pella. Inc.; Redding, CA) with a chilled stage and blade, then transferred to a holding chamber containing continuously oxygenated aCSF at room temperature (\~ 23 °C).

Tissue punches and respiration measurements {#Sec14}
-------------------------------------------

Brain sections were individually transferred to a biopsy chamber containing fresh oxygenated aCSF. Stainless steel WellTech Rapid-Core biopsy punch needles (350 µm, 500 µm, 750 µm, 1.0 mm, 1.5 mm, 2.0 mm, or 3.0 mm diameter; World Precision Instruments; Sarasota, FL) were used to excise the tissue punches. In uninjured rats, tissue punches were taken from both hemispheres for each anatomical location using three consecutive coronal sections (i.e. a total of 6 punches for each anatomical structure). Punches were ejected directly into an XFe96 Cell Culture Microplate (101085-004; Agilent Technologies, Santa Rosa, CA) based on a pre-determined plate layout. Each well contained 180 µL room temperature assay media (aCSF supplemented with 0.6 mM pyruvate and 4 mg/ml BSA). After loading all biopsy samples, each well was visually inspected to ensure that the punches were submerged and centered at the bottom of the well. The XFe96 Cell Culture Microplate was then incubated at 37 °C for approximately 30 min.

During this incubation period, 10 × concentration of assay drugs (prepared in aCSF) were loaded into their respective injection ports of a hydrated (overnight in distilled water, exchanged for XF Calibrant solution 3 h prior to assay initiation) Seahorse XFe96 Extracellular Flux Assay sensor cartridge. The sensor cartridge containing the study drugs was then inserted into the analyzer for calibration. Once the analyzer was calibrated, the calibration plate was replaced by the microplate containing the tissue punches and the assay protocol initiated.

Mitochondria isolation and respiration measurements {#Sec15}
---------------------------------------------------

Mitochondria were isolated using Percoll density gradient centrifugation as previously described^[@CR84],[@CR85]^. Briefly, cortical tissue from a male Sprague Dawley rat was homogenized in ice-cold isolation buffer (100 mM Tris pH 7.4, 10 mM EDTA, 12% Percoll solution, 1 mM sodium fluoride, 1 mM sodium molybdate, 100 nM okadaic acid, 1 mM PMSF and 10 µg/ml leupeptin) using a Dounce homogenizer. Tissue was homogenized using 4 strokes with the loose pestle (clearance 72--120 µm), followed by 8 strokes using the tight pestle (clearance 20--56 µm). The homogenate was then layered onto a discontinuous Percoll gradient (26% and 40% Percoll) and centrifuged for 10 min (30,700* g* at 4 °C). The enriched mitochondrial fraction was removed from the 26--40% interface, transferred to individual centrifuge tubes, and washed with isolation buffer. Mitochondrial fractions were pelletized by centrifugation (16,700* g* at 4 °C) for 10 min, briefly washed in isolation buffer to remove the Percoll, then re-centrifuged (16,700 *g* at 4 °C for 10 min) and used for respiration assays. The basic respiration assay buffer (mitochondrial assay solution; MAS) contains 70 mM sucrose, 220 mM mannitol, 10 mM KH~2~PO~4~, 5 mM MgCl~2~, 2 mM HEPES, and 1 mM EGTA. For carrying out respiration using isolated mitochondria, pyruvate (10 mM) and malate (5 mM) were added to the MAS, and the resulting solution used to make 10 × stocks of the respiratory inhibitors and uncouplers. The respiratory stocks were loaded into the drug ports of a hydrated sensor cartridge in the following order: (A) oligomycin (2.5 µg/mL final), (B) FCCP (4 µM final), and (C) antimycin A (4 µM final) + rotenone (2 µM final). The protein concentrations of isolated mitochondria preparations were measured. Equal amounts of mitochondria (1 µg protein/well) were plated on the Seahorse cell culture microplate in 20 µL of MAS + substrate + 0.2% w/v fatty-acid free BSA and centrifuged at 2,000 × *g* for 20 min at 4 °C. The assay medium (MAS + substrates + 0.2% BSA + 4.5 mM ADP) was then added to the wells to bring the final volume to 180 µL prior to the plate being incubated at 37 °C for 30 min and transferred to the analyzer for analysis.

The tissue respiration assay protocol consisted of a minimum of three cycles of OCR measurements for each measurement period. Each cycle consisted of a 2 min 'mix' period and 2 min 'wait' period, followed by a 3 min 'measure' period. For tissue punch diameter and drug concentration optimization, the number of cycles varied based on the phase being optimized. This was done in order to achieve stable recordings at maximal drug effect without compromising the viability of the tissue. For measuring OCR of tissue punches excised from coronal sections of mFPI brains, slight modifications were made to the above protocol. Three cycles were used to obtain a basal OCR, 6 cycles were used to assess the effect of the F1-Fo ATP synthase inhibitor oligomycin, three cycles were used to evaluate the effect of the uncoupler FCCP, and 3 cycles were used to measure mitochondria-associated respiration following injection of antimycin A/rotenone.

Lateral mild fluid percussion injury (mFPI) {#Sec16}
-------------------------------------------

Lateral mFPI was carried out essentially as described previously^[@CR51],[@CR86]--[@CR88]^. Briefly, rats were anesthetized using 5% isoflurane with a 1:1 N~2~O/O~2~ mixture and then maintained with a 2.5% isoflurane with 1:1 air/O~2~ mixture via a face mask. Animals were mounted on a stereotaxic frame, a midline 4.8 mm diameter craniectomy was made midway between bregma and lambda. A hub (modified from a 20-gauge needle) for the delivery of the fluid pulse was fitted into the burr hole and held in place using cyanoacrylate and dental cement. The rat was then injured using a FPI device at a pressure of 1.5 atmosphere (atm) above room pressure. Immediately after injury, the hub and surrounding dental cement were removed and the incision closed by wound clips. Sham-operated animals received all the aforementioned surgical procedures except hub implantation and the injury. The animals' body temperature was maintained at 37 °C during the surgery using a rectal thermometer coupled to a heating pad. Brain tissues from sham and injured brains were collected for respiration assays 24 h after the injury or sham surgery.

Data analysis {#Sec17}
-------------

Upon completion of the assay, the OCR curve generated by each well was examined using Agilent's Wave 2.6.0 software. The XFe96 training manual recommends that the optimum signal range for basal OCR should be between 20--160 pmol/min. Wells with low basal activity (\< 20 pmol/min) were excluded from analysis. Similarly, samples that failed to respond to FCCP/pyruvate were also excluded, as this represents a complete failure of the assay, possibly due to movement of the tissue punch during mixing cycles. In a typical experiment, 5% or fewer wells were excluded. Normalization across plates was achieved by converting all metabolic output calculations to a percent change from the control baseline samples present in each assay.
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Supplementary information

aCSF

:   Artificial cerebrospinal fluid

FCCP

:   Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone

mFPI

:   Mild fluid percussion injury

MAS

:   Mitochondrial assay solution

mTBI

:   Mild traumatic brain injury

OCR

:   Oxygen consumption rate
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